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Abstract
We present a novel dynamics for generating sizable CP-violating asymmetries in the decays of charged B∓ →
π∓ω,π∓ρ0,π0ρ∓, and in B0(B0) → π∓ρ±. The dynamics for the necessary final-state interactions involves the mixing
of G-parity eigenstates of the system (D∗D,D∗D) with the G = ±1 states of πω and πρ, respectively. The dynamical effect
is enhanced by the empirically large branching ratio for decays to (D∗D,D∗D). A correlated result is a markedly enhanced
branching ratio for B0(B0) → π0ρ0, which has now been observed in two experiments.
 2004 Elsevier B.V. Open access under CC BY license.Direct CP violation in the decays of charged and
neutral B mesons is the central theme in current ex-
periments [1–3] at the two B-meson factories. Today,
some forty years after the discovery of indirect CP
violation in the two-pion decay of K0L [4], direct CP
violation has been established only in the matrix ele-
ments for the two-pion decays of the neutral K system
[5]. It is yet to be established in decays of a charged
particle. Recently, one experiment [1] has given re-
sults which indicate a sizable CP-violating asymme-
try in the decays B∓ → π∓η, as predicted by theo-
retical estimates in 1991 [6], and also in the decays
B∓ → K∓η [7]. Further, one experiment [2] has given
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Open access under CC BY license.a large direct CP violation in B0(B0) → π−π+ [8].
This group has now given an indication [3] of a siz-
able asymmetry in B∓ → π∓ω. All of these decays
have similar, low branching ratios measured to be in
the range of (2–7) × 10−6. In order to have direct CP
violation observable, there must be (strong) interac-
tions among particles in the final states [6]. It is phys-
ically clear that if there exists a decay channel with
an empirically large branching ratio (i.e., a large de-
cay amplitude) which has the same, conserved strong-
interaction quantum numbers as the final hadron state,
then decay into this channel followed by even a small
mixing with the final state, will produce the essen-
tial strong-interaction, imaginary contribution to the
amplitude, which will be sizable [8]. When the large
decay amplitude involves a term in the CKM matrix
with a different weak phase from the term relevant to
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conditions for observing an asymmetry are met [6].
This dynamical mechanism explains [8] the large, di-
rect CP violation observed in B0(B0) → π+π− [2].
In a correlated way, the same dynamics predicts an
enhanced branching ratio for B0(B0) → π0π0, as is
observed [9,10]. Mixing with the isospin-zero state of
the ππ system occurs from the isospin-zero state of
DD. The D+D− decay mode has a branching ratio
now known to be large, ∼ 2.5 × 10−4 [11]. In addition
to the above-mentioned possible asymmetry in π∓ω
[3], recent results from the other experiment [12], al-
low for significant asymmetries with a definite pat-
tern of signs in B∓ → π∓ρ0 and π0ρ∓. In this Let-
ter, we show how sizable asymmetries can occur in
π∓ω, π∓ρ0, π0ρ∓, due to small, strong-interaction
mixings with states of D∗D and D∗D. It is also known
that neutral B decay to D∗∓D± has a large branching
ratio, ∼ 8.8 × 10−4 [13]. In this analysis, we use an
idea put forward some time ago [14], concerning the
presence in charged B decays of two distinct, strong-
interaction eigenstates of the charged systems (D∗D,
D∗D), with different G-parities, G = ±1, which are
the G-parities of the charged πω and πρ systems, re-
spectively. A further striking consequence of the final-
state mixing is a marked enhancement of the branch-
ing ratio for B0(B0) → π0ρ0, like that for π0π0 [8].
The following states have G = ±1, respectively
[14]. Both charged states have isospin I = 1, and the
same spin-parity (0−)
(
D∗D
)
+ =
1√
2
(
D∗−D0 + D∗0D−),
G = +1, I = 1,(
D∗D
)
− =
1√
2
(
D∗−D0 − D∗0D−),
(1)G = −1, I = 1.
When mixing of the G = +1 state with the state
of π−ω occurs, the physical decay amplitudes A
including final-state interactions, are given in terms of
the “bare” decay amplitudes A˜, by
(2)
(
Aπ−ω
A(D∗D)+
)
=
(
cosθ+ i sin θ+
i sin θ+ cosθ+
)(
A˜π−ω
A˜(D∗D)+
)
.
The matrix parameterized by the mixing angle θ+, is
simply the square root of the S-matrix with neglectof phase factors associated with elastic scattering [8].
The latter were found to have little effect upon calcu-
lated asymmetries in B0(B0) → ππ (as is illustrated
in Table 1 and Fig. 1 of Ref. [8]). The states of the
charged πρ system with isospin I = 1,2 are
(3)
(πρ)1 = 1√2
(
π0ρ− − π−ρ0),
I = 1,
(πρ)2 = 1√2
(
π0ρ− + π−ρ0),
I = 2


G = −1.
The I = 1 state mixes with the G = −1 state (D∗D)−
given in Eq. (1), leading to physical decay amplitudes
given in terms of an angle θ− and bare decay ampli-
tudes by
(4)
(
A(πρ)1
A(D∗D)−
)
=
(
cosθ− i sin θ−
i sin θ− cosθ−
)(
A˜(πρ)1
A˜(D∗D)−
)
.
The πρ amplitude with I = 2 has no mixing; it is given
by the bare amplitudes
(5)A(πρ)2 = A˜(πρ)2 .
Solving Eqs. (2)–(5), we obtain three complex, phys-
ical decay amplitudes in terms of two parameters θ+,
θ−. Since our numerical results are for |θ±|  1, we
simplify the formulae with cos θ± ∼ 1
Aπ−ω = A˜π−ω + i sin θ+√2 (A˜D∗−D0 + A˜D∗0D−),
Aπ0ρ− = A˜π0ρ− + i
sin θ−
2
(A˜D∗−D0 − A˜D∗0D−),
(6)Aπ−ρ0 = A˜π−ρ0 − i
sin θ−
2
(A˜D∗−D0 − A˜D∗0D−).
In order to show the correlated results for different
asymmetries, with no parameters other than the final-
state mixings, we use, as we have done in our work
on B0(B0) → ππ [8], bare amplitudes given by the
Bauer–Stech–Wirbel phenomenological model [15].
This model is useful as a first approximation for pa-
rameterizing and correlating branching ratios [16,17]:
A˜π−ω ∼= Nλu√2 (r
′a1 + ra2),
A˜π−ρ0 ∼=
Nλu√
2
(r ′a1 + ra2),
(7)A˜π0ρ− ∼=
Nλu√ (ra1 + r ′a2)2
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The flavor-averaged branching ratio Br(B/B) in units of 10−6, and the asymmetry ACP [3,19], as calculated from the amplitudes in Eqs. (6),
(10), (14). The first columns under Br and ACP have θ+ = θ− = θ = 0; The second columns θ+ = 0.025, θ− = 0.25, θ = −0.09. The
numbers under Nω = 0.6 are for N → Nω in the πω bare amplitudes in Eqs. (7), (11). We have not listed data for π−ρ+ and π+ρ−
separately. These numbers involve correlated data parameters. The separation is not given explicitly in Refs. [19,21]. See p. 10 of Ref. [20]
for separate asymmetries from the data. These do follow the distinctive pattern of those calculated in this Letter and listed above, with
ACP(π
−ρ+) ∼ −0.62 ± 0.27 < ACP(π+ρ−) ∼ −0.11 ± 0.17
Br(B/B) ACP Data Ref. [17]
θi = 0 θi = 0 Nω = 0.6 θi = 0 θi = 0 Nω = 0.6 Br(B/B) ACP Refs. ACP
π−ω 8.8 9.3 6.1 0 +0.40 +0.49 5.7+1.4−1.3 ± 0.6 +0.50+0.25−0.21 ± 0.02 [3] −0.02
5.5 ± 0.9 ± 0.5 +0.03 ± 0.16 ± 0.03 [1]
π−ρ0 8.8 9.1 0 −0.32 9.5 ± 1.1 ± 0.8 −0.19 ± 0.11 ± 0.02 [12] +0.04
π0ρ− 11.2 11.5 0 +0.28 10.9 ± 1.9 ± 1.9 +0.24 ± 0.16 ± 0.06 [12] −0.04
13.8 ± 2.4+1.5−1.6 +0.06 ± 0.19 ± 0.04 [23]
π0ω 0.45 × 10−2 0.27 0.27 0 +0.22 +0.18 < 1.9 [3]
π∓ρ± 27.8 30.4 0 −0.13 22.6 ± 1.8 ± 2.2 −0.18 ± 0.08 ± 0.03 [19,20]
−0.114±0.062±0.027 [21]
π−ρ+ 11.4 13.6 0 −0.63 +0.006
π+ρ− 16.4 16.8 0 −0.28 −0.015
π0ρ0 0.55 1.71 0 +0.81 1.4 ± 0.6 ± 0.3 [12] −0.16
5.1 ± 1.6 ± 0.8 [23]with parameters a1 ∼= 1, a2 ∼= 0.2, N ∼= 0.75, and the
CKM factor λu = 3.6e−iγ × 10−3, with γ ∼ 60◦. The
overall normalization factor N was determined from
the branching ratio for B∓ → π∓π0 [8]. The coeffi-
cients r and r ′ arise from ratios of decay constants and
overlaps. In the notation of Ref. [17], they are given
by r = Aπρ/Aππ ∼ Aπω/Aππ and r ′ = Aρπ/Aππ ∼
Aωπ/Aππ , and have the approximate values r ∼ 3/2,
r ′ ∼ 5/4. These phenomenological parameters have at
least 15% uncertainty. We shall see in Table 1, that
these amplitudes produce an adequate first approxima-
tion to the empirically similar charged-particle branch-
ing ratios (as do also the related bare amplitudes for
B0(B0) → π−ρ+,π+ρ− decays discussed below).
(The absolute square of an amplitude gives the branch-
ing ratio.) To obtain the bare amplitudes for the co-
herent states (D∗D)±, we use a branching ratio ap-
proximately the same as the empirical branching ratio
[13] for neutral B decay to D∗∓D± of ∼ 8.8 × 10−4,
and the ratio |A˜D∗0D−/A˜D∗−D0 | ∼ 0.8, estimated in
Table 7 of Ref. [16].1 This implies a ratio |A˜(D∗D)−/
A˜(D∗D)+| ∼ 0.11 for the two G-parity eigenstates, and
allows us to write
A˜D∗−D0 ∼= 2.62a1λc, A˜D∗0D− ∼= 2.10a1λc,
1 See also Table 13 in Ref. [15].(8)A˜(D∗D)+ ∼= 4.72
a1λc√
2
, A˜(D∗D)−
∼= 0.52a1λc√
2
.
The CKM factor λc ∼= −8.8 × 10−3.
Before discussing the results in Table 1, we obtain
the amplitude for an additional decay B0(B0) → π0ω,
which follows from the same physics as we have
described above. The state which mixes into π0ω, with
θ+, is
(9)1
2
{(
D∗−D+ +D∗+D−)− (D∗0D0 + D∗0D0)}
with I = 1 and charge-conjugation C = −1, like π0ω.
The physical decay amplitude is then
(10)Aπ0ω ∼= A˜π0ω + i
sin θ+
2
(A˜D∗−D+ + A˜D∗+D−),
where we have taken A˜
D∗0D0
∼= 0 ∼= A˜
D∗0D0 [15].
We use the approximate bare amplitude from the
phenomenological model [15–17]
A˜π0ω
∼= Nλu2 (r − r
′)a2, and
(11)A˜(D∗−D+)C=−1 ∼= −4.72
|λc|
2
from Eqs. (8), (9). From Eqs. (10), (11), one immedi-
ately observes the same general physical effect as oc-
curred in our study [8] of B0(B0) → π0π0: although
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amplitude by the small parameter a2, and here also
by destructive interference, an enhancement can occur
due to the final-state interaction, where a system with a
large decay amplitude |A˜(D∗−D+)C=−1 | mixes into the
π0ω final state.
We calculate direct CP-violating asymmetries from
ACP = (|R|2 − 1)/(|R|2 + 1), where R is the ratio of
an amplitude in Eqs. (6), (10) to the amplitude with
λu → λ∗u, λc → λ∗c . In Table 1, we give representative
asymmetries and branching ratios for the three charged
decay modes and for π0ω, calculated from the am-
plitudes in Eqs. (6), (10) using small mixing angles
θ+ = +0.025 and θ− = +0.25. (A single mixing of
order 0.2 occurred in our work on B0(B0) → ππ [8].)
We tabulate recent experimental results, from which it
is clear that there are indications of possible sizable
asymmetries with a definite pattern of signs. However,
in contrast to this possibility which is given by our re-
sults using final-state interactions among specific sys-
tems of physical hadrons, there are representative re-
sults from recent calculations which neglect final-state
interactions of this kind. In Table 1 we also list these
asymmetry results [17,18] (for wide variations in these
estimates, see the tabulations in Ref. [17]). Generally,
the asymmetries in these calculations are small be-
cause of small strong-interaction phases.
There are striking distinctions in the πω system,
in particular. The mixing to (D∗D)+, even with the
small mixing angle θ+ = 0.025, can result in a sizable
asymmetry ACP(π∓ω) ∼ +0.4, in contrast to the very
small ∼ −0.02 in the last column of Table 1. The
calculated branching ratio for π0ω is about 5% of
the branching ratio for π−ω, instead of the miniscule
∼ 0.1% given in Table 9 of Ref. [17]. The elevated
branching ratio is directly correlated with the possible
sizable asymmetry in π∓ω. Both effects arise from
mixing with the (D∗D,D∗D) system. Since the π0ω
amplitude is dominated by the term from the strong-
interaction mixing, the parameter for indirect CP
violation [8], Sπ0ω ∼ − sin 2β ∼= −0.7 (for 2β ∼= 45◦).
To complete the results which follow from this dy-
namics for final-state interactions, we give estimates
for asymmetries and branching ratios in three more re-
lated decays B0(B0) → π−ρ+, π+ρ−, π0ρ0. Signifi-
cant asymmetries may be present in the π∓ρ± modes
[19–21]. In addition to the I = 1,2 states, there is nowan I = 0 state. The isospin states with I3 = 0 are
(πρ)0 = 1√
3
(
π−ρ+ + π+ρ− − π0ρ0),
(πρ)1 = 1√
2
(
π+ρ− − π−ρ+),
(12)(πρ)2 = 1√
6
(
π−ρ+ + π+ρ− + 2ρ0π0).
The I = 0 state with C = −1, can mix via a third angle
θ , with the state
(13)
1
2
{(
D∗−D+ +D∗+D−)+ (D∗0D0 + D∗0D0)}.
Together with Eqs. (4), (5), one solves for the three
additional physical decay amplitudes
Aπ−ρ+ = A˜π−ρ+ − i sin θ−2√2 (A˜D∗−D+ − A˜D∗+D−)
+ i sin θ
2
√
3
(A˜D∗−D+ + A˜D∗+D−),
Aπ+ρ− = A˜π+ρ− + i sin θ−2√2 (A˜D∗−D+ − A˜D∗+D−)
+ i sin θ
2
√
3
(A˜D∗−D+ + A˜D∗+D−),
(14)Aπ0ρ0 = A˜π0ρ0 − i
sin θ
2
√
3
(A˜D∗−D+ + A˜D∗+D−).
As in Eqs. (7), (11), we use phenomenological, model
amplitudes [16,17] as a first approximation
A˜π−ρ+ ∼= Nλur ′a1,
A˜π+ρ− ∼= Nλura1,
(15)A˜π0ρ0 ∼=
Nλu
2
(r + r ′)a2.
Note that the five complex, physical amplitudes in the
πρ system satisfy a “pentagon” relationship [22] (as
do the bare amplitudes, of course)
(16)Aπ−ρ+ + Aπ+ρ−
2
+ Aπ0ρ0 =
Aπ−ρ0 + Aπ0ρ−√
2
.
The additional asymmetries and branching ratios are
given in Table 1, as calculated with θ = −0.09. There
is a suggestion in the recent data [19–21] on π−ρ+,
π+ρ− and π∓ρ± of significant asymmetries. Our re-
sults give this, in B0 → π−ρ+ in particular [20]. Our
estimated asymmetry without flavor tagging (π∓ρ±)
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metries indicated in the last column of Table 1 [17]
are very small, as they must be when there is lit-
tle strong interaction. The separate branching ratios
for π−ρ+ and π+ρ− come closer together as a con-
sequence of the final-state interactions, in agreement
with indications from the data [21]. Our estimated
branching ratio for π0ρ0 is enhanced. Enhancement
is observed in the data [12,23]. The size is essen-
tially determined by the mixing θ with the coherent
C = −1 (D∗D,D∗D) system which is produced with
a large amplitude. Physically, this is the same dynam-
ics that gives rise to the enhanced branching ratio of
∼ 2 × 10−6 for B0(B0) → π0π0 [8]. The calculated
parameter Sπ0ρ0 ∼= −0.56; it differs from − sin(2β +
2γ ) ∼= −0.26 because of the final-state interactions.
It is to be expected that B0(B0) → ηω, will
obtain a contribution from mixing with the same
(D∗D,D∗D) system as π0ρ0, and thus will have a
similar, enhanced branching ratio. This enhancement
has just been observed in one experiment [24].
Our present results on possible sizable asymme-
tries in certain charged-B decays are calculated using
a physical-hadron approach to estimating final-state
interactions, which has been successful [6,8]. There
are present experimental indications that specific,
charged-decay modes, B∓ → π∓ω, π∓ρ0, π0ρ∓
[3,12], and B0(B0) → π−ρ+, π+ρ−, π∓ρ± [19–21],
have significant asymmetries. We have given results
for all of the asymmetries. For chosen small mix-
ing angles, these results exhibit distinctive correla-
tions in sign and in magnitude, which follow the pat-
tern of the present data. Our positive results for these
modes should encourage the experimenters to pursue
these asymmetries, in the effort to finally establish CP
violation in charged-particle decays. Directly corre-
lated with the final-state interactions which give rise to
asymmetries is the dynamical enhancement of decays:
B0(B0) → π0π0, π0ρ0, π0ω. Striking enhancement
of the π0π0 and π0ρ0 rates has appeared in the recent
data [9,10,12,23].References
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